Nitrogen-alloyed low-carbon grade type 316L(N) SS is the principal material for high temperature structural components of the Prototype Fast Breeder Reactor (PFBR). Creep, and low cycle fatigue (LCF) properties of 316L(N) stainless steel base metal, weld metal and weld joints have been evaluated and found to fully meet the properties assumed in the design of PFBR components. In-sodium experiments have shown that flowing sodium has no detrimental effect on the creep and LCF properties of 316L(N) SS. Modified 9Cr-1Mo is the steam generator material of PFBR. Creep behaviour of indigenously produced modified 9Cr-1Mo steel and its weld joint have been characterized. The mechanism of degradation of creep rupture strength of modified 9Cr-1Mo steel weld joint due to type IV cracking has been established.
Introduction
Economic success of Sodium Cooled Fast Reactors (SFRs) is largely dependent on the high temperature mechanical properties of structural components so that they can be designed for very long life -as long as 60 years and more. Materials for high temperature structural components should have good creep, low cycle fatigue (LCF) and creep-fatigue interaction properties, compatibility with liquid sodium coolant, weldability, and the design data shall be available in international codes. Efforts are underway to design future SFRs with a design life of 60 years in order to improve the economic competitiveness. Studies are therefore being carried out to increase the high temperature creep and LCF strength of 316L(N) stainless steel (SS) by increasing the nitrogen content from the present 0.06-0.08 wt.% to 0.12-0.14%. Steam generator plays an important role in economic operation of SFRs. Modified 9Cr-1Mo steel is selected for steam generator of PFBR. It is therefore important to characterize the ______________ *Corresponding author. Tel.:+91-44-27480107; fax: +91-44-27480075 E-mail address: mathew@igcar.gov.in high temperature mechanical properties such as creep and fatigue properties of higher nitrogen alloyed 316 LN SS, modified 9Cr-1Mo ferritic steel and their weld joints. The use of liquid sodium as a coolant in fast reactors, necessitates the assessment of the compatibility of structural materials, and the influence of long-term exposure to sodium on the mechanical properties of reactor structural materials. Currently the design of core and structural components of SFRs is based on test data generated in air while the actual environment seen by these components during service involves sodium. Moreover, the current trend being life extension of power plants, it is important to accurately determine the life of components in the actual environment, so as exploit potential extension of life beyond the envisaged design life. With this view, an elaborate programme has been initiated at Mechanical Metallurgy Division to evaluate the effects of dynamic sodium on the low cycle fatigue, creep and creep-fatigue interaction behaviour of indigenously manufactured reactor materials such as 316L(N) stainless steel and Modified 9Cr-1Mo ferritic steel and their weld joints. This paper presents the results of the creep and LCF experiments conducted on 316L(N) stainless steel and modified 9Cr-1Mo ferritic steel and their weld joints in both air and sodium environments. The effect of nitrogen alloying in 316 LN SS has also been evaluated.
Experimental
Creep tests have been conducted on 316 SS having nitrogen in the range 0.07 wt. % to 0.22 wt. % and modified 9Cr-1Mo base metal, weld metal and weld joints over a wide stress and temperature ranges. Creep tests have also been conducted on base and weld metal of 316 SS. LCF tests have been conducted in the temperature range 300 to 873 K on 316 LN SS with nitrogen content varying from 0.07 to 0.22 wt.%. Weld joints of 316L(N) SS have also been evaluated for their fatigue resistance. Chambers, designed in-house has been used to study the effect of sodium environment on fatigue properties of 316L(N) SS and modified 9Cr-1Mo steel and their weld joints at 823 and 873 K and creep properties of 316 LN SS. Figure 1a shows the variation of steady state creep rate of type 316L(N) SS with applied stress. The creep rates of 316 SS are also superimposed in Fig.1(a) for comparison. An order of magnitude decrease in steady state creep rate was observed in type 316L(N) SS due to addition of about 0.07 wt.% nitrogen. Significant increase in creep rupture life was also observed (Fig.1b) [1] . The beneficial effects of nitrogen arise due to higher solubility of nitrogen in the matrix compared to carbon, reduction in stacking fault energy of the matrix and introduction of strong elastic distortions into the crystal lattice, giving rise to strong solid solution hardening [2] . Nitrogen slows down the diffusivity of chromium in austenitic stainless steels leading to retardation in coarsening of M 23 C 6 thereby retaining the beneficial effects of fine carbide precipitation to longer times [3] . Solubility of nitrogen in austenitic SS being high (typically 0.15 wt% at 923 K), nitrides are not formed during creep at these temperatures. The influence of nitrogen on the creep behaviour of 316LN stainless steel has been studied at nitrogen levels of 0.07, 0.11, 0.14 and 0.22 wt.% by keeping the rest of the composition unaltered [4, 5] . The carbon content in these heats was 0.03 wt.%. Creep rupture strength increased substantially with increase in nitrogen content as shown in Fig. 2 . Rupture life increased almost 10 times by increasing the nitrogen content from 0.07 wt% to 0.22 wt.%. The increase in creep rupture life with increasing nitrogen has been attributed to the difference in substructure formed during creep deformation and the decreased crack density with increasing nitrogen content .
Results and Discussion

Creep Properties
The creep properties of modified grade of type 316 SS and its welds (prepared using E316-15 basic coated electrodes with a ferrite number of 3 to 6) at 823, 873 and 923 K over a wide range of stress levels have been studied [6] . 316 SS weld metal crept at a faster rate than the base metal by a factor of ten at 823 K (Fig. 3) and by a factor of two at 873 K. At 923 K, the minimum creep rates of the base and weld metals were found to be similar at all stress levels. Higher creep rate of the weld metal at 823 K has been attributed mainly to the lack of precipitation of M 23 C 6 in the weld metal matrix where precipitation of carbides was mainly confined to delta/austenite interphase unlike in the case of base metal where matrix precipitation of carbides helped in strengthening the material. The creep-rupture strength of indigenously developed modified 9Cr-1Mo steel in rolled, forged and tube product forms were found to be higher than the average strength values reported in RCC-MR design code (Fig.4) . Creep rupture strength of modified 9Cr-1Mo steel and its fusion welded joint is compared in Fig.5 . The weld joint of the steel possessed lower creep rupture strength than base metal. The strength reduction was more at higher temperature and longer creep exposure (Fig.5) [7] . Failure in the weld joint occurred in the outer edge of HAZ, commonly known as Type IV failure. Creep strength gradient across the joint led to the preferential elongation coupled with cavitation in the soft intercritical region of heat affected zone (HAZ) causing premature failure in the steel weld joint. 
Fatigue Properties
In nitrogen alloyed 316LN SS, LCF life has been found to increase with increase in nitrogen under continuous cycling conditions, up to 0.14 wt% nitrogen. Above this nitrogen content saturation/decrease in fatigue life has been observed in the investigated nitrogen content range from around 0.07 to 0.22 wt% [8] . Increase in fatigue life has been attributed to the increased planar glide of dislocations and slip reversibility (i.e., less slip localization) as compared to low nitrogen steels [9] . It is suggested that nitrogen retards dynamic strain ageing (DSA) by decreasing Cr-diffusivity and promotes tendency towards formation of short range order (SRO) of Cr and N. Based on the continuous cycling LCF tests in the present study, conducted in the temperature range 300-873 K on 316LN SS with 0.11, 0.14 and 0.22 wt% nitrogen, it is found that the beneficial effect of nitrogen on fatigue life is observed to be increasing/saturating with increase in nitrogen content for temperatures < 673 K while it is found to be maximum at 0.14 wt% nitrogen at temperature > 673 K (Fig.6) . The reduction in fatigue life beyond 0.14 wt. % could be attributed to high matrix hardening (and hence decrease in residual ductility), with a consequent decrease in LCF life. Ductility plays a governing role in fatigue life of base and weld joints of 316LN SS also. LCF life is generally governed by the ductility of the material at high strain amplitudes and by strength of the material at low strain amplitudes. The lower ductility of weld metal causes reduction in its LCF life compared to the base-material. Delta-ferrite in welds and weldments with a vermicular morphology undergoes transformation to M 23 C 6 and -phase during LCF testing. The transformed amount offerrite increases with increasing number of cycles to failure and increasing temperature. The fine duplex austenite-ferrite microstructure in the weld metal, with its transformed -phase boundaries, offers greater resistance to the extension of fatigue cracks by causing the deflection of crack path. Crack deflection could cause reduced stress intensity at the crack tip with an associated reduction in the crack propagation rate. The beneficial effects of -transformation could be clearly seen in the comparative evaluation of fatigue lives of 316L(N) base and 316 SS weld metals [10] . At 773 K, the weld metal showed a lower life than the base metal, as the transformation of the -ferrite to is less and the beneficial effects of crack deflection could not be fully realized. At 873 K, (Fig.7) , the LCF life of 316 SS weld metal is superior to 316L(N) base metal. Figure 8 shows the influence of sodium environment on the fatigue life of 316 LN SS base and weld joints. It is seen that compared to fatigue life in air, the fatigue life is substantially improved in sodium environment. Sodium has been found to have a beneficial effect on the fatigue properties of materials due to the lack of oxidation effects in a high purity sodium environment [11] . Fatigue tests conducted on modified 9Cr-1Mo steel show an enhanced difference in fatigue life between air and sodium environments compared to 316 L(N) steel. As modified 9Cr-1Mo is prone to oxidation induced crack initiation compared to stainless steel, and crack initiation being the dominant factor at lower strain ranges, this improvement in life is more pronounced at lower strain ranges in sodium environment in this material. Fatigue life at lower strain ranges in modified 9Cr-1Mo steel is enhanced by a factor of 20 as compared to that in air [12] . The results of the creep tests conducted at 873 K in dynamic sodium environment are shown in Fig. 9 . It can be seen from the figure that there is only a marginal beneficial effect of sodium on the creep rupture life; the rupture life a lower stress levels are increased by a factor of 2, while at higher stress levels the life in sodium and air are comparable. Creep being a bulk damage phenomenon, the effect of environment is only marginal. 
Creep and LCF Properties in Flowing Sodium
Summary
Creep life of 316LN SS tested with varying amounts of nitrogen exhibits an increase in life with increasing nitrogen content, while fatigue life shows a saturation at a nitrogen content of 0.14 wt.%. Creep studies show that the base metal has the highest creep strength followed by the weld joint and the weld metal, while joints exhibited the lowest fatigue lives, and the base material the highest. Sodium environment has been found to be beneficial for fatigue properties. Creep rupture strength of modified 9Cr-1Mo steel possess lower creep rupture strength than the base metal due to type IV failure in the intercritical HAZ.
